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In spite of the extreme complexity and uncountable number of materials and substances that are created in nature, all can be classifi ed quite simply in terms of their conductive behavior into one 
of three types — insulators, semiconductors and metals — depending 
on the electronic band structure. It is the electrons carried by the 
constituent elements and their interactions that determine the structure 
of a material and its physical properties, such as electrical conductivity, 
magnetism and superconductivity. Th e degrees of freedom of electrons 
in a material determine the material’s electronic properties. Making use 
of the spin of electrons adds one more degree of freedom, which can be 
utilized to design enhanced electronic devices [1]. The materials that 
enable us to take advantage of the spin of electrons are primarily those 
that exhibit magnetic properties. Ferromagnetic and antiferromagnetic 
metals, as well as semiconductors and insulators, are the materials that 
form the foundations for metallic, semiconducting and insulating 
spintronics, respectively, and these materials have been under active 
investigation by many groups around the world [2,3]. Th e performance 
of spintronic devices is determined by the degree of spin polarization 
of free electrons within a material. Electrons are partially polarized in 
classical ferromagnetic metals, such as iron, cobalt and nickel, yet can 
be fully polarized in half-metals and certain dilute semiconductors.
Ferroelectric magnets and multiferroic materials, which exhibit 
coupling between ferroic order parameters, are candidates for use in 
insulating spintronics. In these materials, the spin (magnetic) dipole 
and the electric dipole can be mutually manipulated by electric 
and magnetic fields [4,5]. Figure 1 summarizes the band structures 
of these various classes of materials. Metals contain a conduction 
band that is partially filled, which means that the Fermi level (Ef ) 
penetrates into the conduction band. In contrast, insulators have 
a band structure in which the conduction and valence bands are 
separated by a large energy gap (Eg). Semiconductors exhibit a narrow 
energy gap, while semi-metals have a small energy overlap between 
the conduction and valence bands. Half-metals are metallic in one 
spin direction and semiconducting in the other [6,7]. Half-metallic 
antiferromagnets, a newly theorized system predicted in some alloys, 
perovskite oxides and dilute magnetic semiconductors, have fully 
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Figure 1. The electronic band structures of various classes of materials. Figures show 
the energy–momentum (E–k) dispersions with respect to the Fermi level (Ef ). The blue 
and yellow areas indicate the spin-up and spin-down charge carrier states, respectively. 
In intrinsic zero-gap materials, the conduction band (CB) and valence band (VB) edges 
touch at the Fermi level. Graphene is a zero-gap material with linear energy dispersion. 
The band structure of the spin-gapless semiconductors is spin-dependent. 
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 Zero-gap materials for future spintronics, electronics and optics
32 Vol. 2  January 2010 | NPG ASIA MATERIALS | www.natureasia.com/asia-materials
spin-polarized conduction electrons but no net magnetization [8–11]. 
Dilute magnetic semiconductors and half-metals with full electron 
spin polarization are the most important candidates with respect to 
spintronics applications [2,3]. 
If the conduction and valence band edges meet at the Fermi level, 
the material belongs to a comparatively new class of solids known as 
gapless semiconductors or zero-gap materials [12]. In these materials, no 
threshold energy is required to move electrons from occupied states in the 
valence band to empty states in the conduction band. As a consequence, 
gapless semiconductors have unique properties including an extreme 
sensitivity of the band structure to external infl uences such as pressure 
or magnetic fi eld. Th e electron mobility of a gapless semiconductor is 
2–4 orders of magnitude higher than that for classical semiconductors. 
Th e very recent and exciting discovery of two-dimensional (2D) gapless 
graphene has aroused great interest worldwide [13]. The features of 
zero band gap dispersion distinguish zero-gap materials from all other 
materials in many respects. As shown in Figure 1, materials with zero-
gap band structures can have quadratic, linear and asymmetrical 
energy–momentum (E–k) dispersions, and various states. This article 
reviews the fascinating and unusual spintronic, electric and optical 
properties of these materials and of topological insulators, a new class of 
quantum matter. It is expected that zero-gap materials with exotic band 
features and electronic states will constitute a new class of materials 
that will form the basis for next-generation spintronic, electronic and 
optical devices. 
Zero-gap materials with quadratic energy dispersion
Only a few materials have a zero or very narrow band gap with a 
quadratic energy–momentum dispersion. Mercury telluride (HgTe) 
is one of a very few parent compounds in this class that have been 
studied rigorously since the 1950s [12]. The intrinsic charge-carrier 
concentration (n) of a zero-gap material varies with temperature (T ) 
according to a power law, n ∝  T 3/2. In a conventional semiconductor 
with a discrete energy gap, n increases exponentially with temperature 
[12]. The size of the energy gap can be tuned in solid solutions of 
Hg1–xCdxTe [14], and for this reason these compounds have been used 
in infrared light detection and emission applications at wavelengths of 
1–30 μm in both the civil and military sectors [15]. Th e energy gap of 
the system at 4.2 K changes from –0.30 eV for undoped HgTe to zero 
for compositions of x = 0.15–0.16 and 1.65 eV for CdTe. 
Another material with a quadratic energy–momentum dispersion 
and near-zero energy gap is α-phase tin (gray tin), which has the same 
crystal structure as the group-IV elements, such as carbon (diamond), 
silicon and germanium. Th e energy gap is less than 0.08 eV [16], and 
the conduction-band minimum and valence-band maximum coincide 
at k = 0 [17]. An inverted band model in which the p-symmetry band 
is at higher energy than the s-symmetry band, the reverse of the typical 
order has been proposed to explain the characteristics of transport, 
photoconductivity and light reflection for zero-gap HgTe and α-Sn 
(Figure 2) [18]. Th e zero-gap state can be attained at certain values of 
external isotropic eff ects, such as hydrostatic pressure, temperature and 
degree of alloying, that do not change the crystal symmetry. As a result 
of such accidental degeneracy, certain compositions of solid solutions 
of Pb1–xSnxTe, Pb1–xSnxSe and BixSb1–x are zero-gap materials [12].
As both the conduction and valence band edges meet at the Fermi 
level, the transport and optical properties of zero-gap materials are 
extremely sensitive to physical perturbations. For example, the zero-gap 
band can be modifi ed by electric and magnetic fi elds, as well as by pres-
sure and chemical inhomogeneity. Electric fi elds infl uence the charge 
carriers, and the magnetic fi eld changes the size of the gap, which in 
turn changes the density of charge carriers. An increase in the mean 
electron energy under an external electric field leads to a non-linear 
current–voltage curve. An energy gap can be opened by the application 
of a magnetic field and external pressure, and the zero-gap state can 
be reinstated at higher pressure, resulting in more than 4–6 orders of 
magnitude of variation in resistivity [12]. 
In zero-gap mercury selenide (HgSe), another well-studied gapless 
material, the longitudinal magnetoresistance increases sharply when 
the crystal is subjected to a magnetic fi eld aligned parallel to the direc-
tion of current fl ow. Th is component of magnetoresistance increases 
exponentially with magnetic fi eld strength. Th e resistivity also varies 
remarkably with pressure, as shown in Figure 2. Pressure induces a 
transition in HgSe from a zero-gap material to a semiconductor with 
a discrete energy gap, and eventually to a metal [12]. Doping with 
magnetic ions, such as manganese or iron, can lead to giant magneto-
resistance in HgTe or HgSe [19], making doped HgSe a suitable mate-
rial for magnetoelectronics and magnetic-fi eld sensor applications. Th e 
energy gap in manganese-doped HgTe (Hg1–xMnxTe) varies linearly 
with manganese content up to manganese concentrations of as much 
as x = 0.2. In zero-gap HgMnTe, the transverse magnetoresistance fi rst 
increases sharply with increasing magnetic fi eld, and then falls rather 
abruptly. The longitudinal magnetoresistance, however, decreases 
monotonically. This evolution in magnetoresistance with magnetic 
fi eld strength is caused by magnetic fi eld-induced band adjustments 
[12]. HgMnTe and HgMnSe change from a paramagnetic state to a 
spin-glass state at a critical temperature (Ts) as a result of the collapse 
of the antiferromagnetic interaction in the face-centered cubic lattice. 
Thus, in addition to their use in infrared photodetectors, zero-gap 
HgTe and HgSe are also useful as Hall and magnetoresistance sensors 
and as spin photoconductors [12]. The physics and applications 
of these classical zero-gap materials have been discussed in great 
detail in Ref. 12. 
Generally speaking, the zero-gap state can be obtained in any 
narrow-band semiconductor through either chemical doping or 
application of external pressure. It should be noted that all narrow-
band or zero-gap materials are non-oxide-based III-V or II-V 
compounds that contain toxic elements such as mercury and tellurium. 
It is therefore desirable to fi nd non-toxic zero-gap materials.
Zero-gap materials with linear energy dispersion
Graphene
Recent progress in isolating single sheets of graphite [20–24] has 
sparked interest in graphene-based nanoelectronics. Experiments have 
already demonstrated the anticipated physics of monolayer graphene, 
including electron–hole symmetry, a half-integer quantum Hall eff ect 
[21,22], fi nite conductivity at zero charge-carrier concentration [21], 
and strong suppression of weak localization [23–27]. By further 
























Figure 2. Pressure dependence of resistivity of HgSe. (Inset) Inverted band model 
(reversed s and p bands) for HgTe and α-Sn. 
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graphene structures (graphene nanoribbons) can be obtained. This 
is a unique class of nanosystem in which one-dimensional gapless 
energy dispersions can be achieved. It has been suggested that 
graphene nanoribbons could be used as field-effect transistors [28]. 
The remarkable properties of graphene-based materials make them 
promising building blocks for technological applications in molecular 
electronic and optoelectronic devices.
In graphene, the conduction and valence bands touch at isolated 
points (K and K') in the first Brillouin zone (the reciprocal crystal 
lattice). Undoped graphene is a gapless semiconductor with a vanishing 
density of states at the Fermi level, and the energy–momentum 
dispersion is linear (Figure 1). As such, the electrons in graphene travel 
at a constant speed of 0.0025 times the speed of light, much faster 
than in typical semiconductors. The low-energy electronic states in 
graphene at the K and K' corners of the Brillioun zone can thus be 
described by the relativistic massless Dirac equation, and this relativistic 
description has been confi rmed in quantum Hall studies [29]. Th ese 
and subsequent studies have provided theoretical insight into the exotic 
transport [30–32], magnetic correlation [33–35] and dielectric [36] 
properties of graphene.
In graphene nanoribbons, the form of the gapless dispersion (linear 
or quadratic) and the location of the gapless point (Γ point or K point) 
are determined by the width and chirality of the ribbon and are thus 
predictable. Graphene ribbons have various morphologies, which can 
be defi ned by the indices p and q [37]. Zigzag ribbons (p,0) are gapless 
materials with a quadratic energy dispersion at the zero-gap point, 
which occurs at the K point. The gapless band structure of zigzag 
ribbons is robust under an applied magnetic fi eld (Figure 3). Armchair 
ribbons can be gapless or have a finite energy gap depending on the 
ribbon width. Th ere also exists a class of armchair nanoribbons (3p-1,1) 
with gapless energy dispersion at the Γ point. Th is class of ribbons can 
have an unusually strong response to a fi nite magnetic fi eld in the low-
frequency regime [38]. 
Th e gapless energy spectrum of electrons and holes in graphene can 
lead to very specifi c optical properties. Certain types of bilayer ribbons 
with zero gap can have very high optical response [39]. Very recently, 
it has been demonstrated experimentally that both the optical and 
direct-current conductance have constant values [40,41], as shown in 
Figure 4. As a result, the transmission coeffi  cient [42] of graphene in 
the frequency range of 700–400 nm is very close to a constant value. 
It is anticipated that the optical spectrum induced by elementary 
electronic excitations can be used to determine the electronic properties 
of graphene. It is well known that optical conductivity is one of the 
central quantities that determine almost all the optical properties 
of an electron and/or hole system. For the case in which an optical 
transition is induced mainly by a dielectric response of the carriers 
through carrier–carrier interaction, the optical conductivity can be 
obtained simply from the Kubo formula, in which the current–current 
correlation is primarily attributable to carrier interactions with a weak 
external light fi eld. 
Th e optical properties of a zero-gap system at low frequencies can 
be tuned or enhanced by spintronic eff ects, such as carrier spin–orbit 
coupling. Around the K point, the energy dispersion is isotropic, and 
momentum k corresponds to the energy of the laser fi eld. Th is leads to 
a node in the optical transition, arising from the fact that if the light 
is polarized perpendicular to the electron wave vector, no absorption 
is possible because of the linear energy dispersion. The spin–orbit 
interaction can remove this restriction because the energy is no longer 
strictly proportional to k. The total absorption in the important 
terahertz frequency range can be enhanced by up to 100%, opening the 
way for spintronic applications of zero-gap materials.
There is an intrinsic relation between the zero-gap energy 
dispersion and nanomagnetism. For example, all armchair graphene 
nanoribbons are nonmagnetic, and all zigzag graphene nanoribbons 
have antiferromagnetic order [33,43]. It has been shown that the 
ground-state magnetic ordering within a single nanoribbon, nanodot 
or nanohole is consistent with the theorem of itinerant magnetism in a 
bipartite lattice within the one-orbital Hubbard model [44].
Under a constant magnetic field, the gapless energy dispersion in 
graphene nanoribbons splits into magnetic subbands. If only nearest-
neighbor coupling is considered, the lowest magnetic subband is at 
zero energy. In other words, the lowest energy state, under magnetic 
quantization, for a linear gapless system, is zero. A direct consequence 
of this is the Hall plateau at zero fi eld. If the next-nearest neighbor is 
included, the zero-gap point will be shifted to negative energy. In this 
case, the magnetic subband structure is asymmetric [45]. 
For graphene nanoribbons, the magnetic susceptibility is strongly 
dependent on the width and orientation of the ribbon. Th e edge states 
of the ribbons have a dominant eff ect on the low-fi eld susceptibility. 
For both zigzag and armchair ribbons, the susceptibility increases 
rapidly as the ribbon width increases. This is mainly due to the fact 
that as the ribbon width narrows, the edge states become increasingly 
important. However, these edge states do not carry an orbital magnetic 































Figure 3. The gapless structure of a 20-unit zigzag graphene nanoribbon is robust 
under a constant magnetic fi eld. The fi eld strength is equivalent to 1/00 fl ux quanta 
per unit cell. ky is the wavevector along the long ribbon direction, a is the unit vector 
of the honeycomb lattice, E is the electronic energy and t is the nearest-neighbor 
hopping bandwidth in graphene. 
Figure 4. Frequency dependence of conductance (σyy) of gapless graphene. The 
x axis denotes the photon frequency (ħω) normalized by the hopping bandwidth 
(t). At low temperature, the conductivity is on the order of πe2/2h, which can be 
viewed as a frequency-dependent analog of minimum conductivity [32] as a direct 
consequence of the zero-gap energy dispersion at the K point.
© 2009 Tokyo Institute of Technology
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a crucial role in the orbital magnetization. Systems with gapless 
dispersions at the K and K' points have much stronger magnetization. 
For ribbons of the same width, the magnetic susceptibility depends 
on the chirality of the ribbon. For ribbon widths of 50b (b = 1.42 Å, 
the carbon–carbon distance), the zero-fi eld susceptibility of the zigzag 
ribbon is around 20% stronger than that of the armchair ribbon. If the 
ribbon width is 20b, this diff erence is more than 100%. 
Disorder-induced zero-gap materials with linear dispersion
In 1997, surprisingly high giant positive and linear magnetoresistance 
was observed in two non-magnetic narrow-band semiconductors, 
Ag2±δSe and Ag2±δTe, which have highly disordered stoichiometry [46]. 
Such linear magnetoresistance can persist from extremely low fields 
up to very high fields without any sign of saturation and is weakly 
temperature-dependent at elevated temperature [46]. In order to 
explain this astonishing phenomenon in non-magnetic materials, 
Abrikosov proposed that the disorder induced by non-stoichiometry 
can transform a narrow-gap semiconductor into a zero-gap state 
with a Dirac-cone-like linear energy spectrum in both the valence 
and conduction bands [47] (see Figure 5, inset). Although differing 
in dimensionality, this is the same structure as the zero-gap band 
structure with linear energy dispersion for graphene (Figure  1). 
Only one Landau level with a linear energy spectrum is assumed to 
participate in the conductivity for such a zero-gap state induced by 
stoichiometry disorder. 
Abrikosov developed a generic quantum description for galvano-
magnetic phenomena, as given by [47] 
n ec
N H H2xx yy
iρ ρ
π= =  (1)
where ρxx and ρyy are the transverse components of magnetoresistance, 
n is the density of electrons, and Ni is the concentration of static 
scattering centers. This quantum magnetoresistance is linear down 
to very small fields, and is positive, non-saturating, and more 
importantly, independent of temperature. According to this model, 
band-gap tuning for silver chalcogenides [48] induces a change 
of sign in the Hall coefficient and a linear field dependence of the 
magnetoresistance. It should be noted that the magnitude of the 
fl uctuations in mobility caused by disorder rather than the mobility 
itself can also account for the linear magnetoresistance [49]. The 
zero-gap structure with linear magnetoresistance pertains to materials 
with three-dimensional crystal structures rather than one-atom-thick 
graphene or other two-dimensional materials. Th erefore, the transport 
and magnetotransport properties of three-dimensional materials 
with a zero-gap state differ greatly from those of graphene. Such 
zero-gap materials with linear dispersion can be obtained through 
the introduction of stoichiometric disorder, or through external 
perturbations in semimetals or semiconductors with a narrow gap. Very 
recently, colossal linear magnetoresistance was successfully observed in 
antimony-rich InSb. It was found that the magnetoresistance increases 
linearly under both extremely low and high fields, and increases 
by up to 500% under a magnetic field of 15 T without saturation 
[50]. It is believed that the disorder induced by non-stoichiometry 
in InSb1+x leads to a zero-gap state with linear dispersion. Th e linear 
magnetoresistance under both low and high fields makes such 
disorder-induced zero-gap materials with linear energy dispersion 
very useful for low and high magnetic field sensor applications. It 
is expected that the quantum magnetoresistance could be present 
in other three-dimensional narrow-gap semiconductors with high 
stoichiometric disorder. 
Zero-gap materials with asymmetrical 
energy dispersion
The band structure of these materials results in an asymmetrical 
energy–momentum dispersion (Figure  1). This situation is very 
unusual, but could exist in real materials. A zero-gap structure with a 
linear asymmetrical energy dispersion was found to exist theoretically 
in a quasi-two-dimensional organic charge-transfer conductor, 
α-(BEDT-TTF)2I3 salt [51]. This organic conductor is one of the 
members of the (BEDT-TTF)2I3 family, which consists of conductive 
layers of bis(ethylenedithio)tetrathiafulvalene (BEDT-TTF) molecules 
and insulating layers of I3– ions. This two-dimensional organic 
conductor shows a metal–insulator transition at 135 K at ambient 
pressure [52] and changes to a metallic, superconductive or zero-gap 
state with a Dirac-cone-like linear dispersion under diff erent uniaxial 
pressures, even at low temperature [53]. Pressure along the a axis can 
induce signifi cant change in the resistance of this organic conductor, 
as shown in Figure 6. First-principles calculations have indicated that 
this compound has a unique band structure near the Fermi level, called 
the two-dimensional anisotropic Dirac cone dispersion [43], E = ± νfKc, 
where νf is the Fermi velocity and Kc is the wavenumber on the a–b 
plane. Dirac cone dispersion occurs at a general k point, as well as at 
the Fermi level, instead of at a high-symmetry point as in the case of 
graphene (see Figure 6, inset) [51]. 
In comparison with graphene, α-(BEDT-TTF)2I3, which has a 
zero-gap state with asymmetrical linear energy dispersion, exhibits 
the following electrical and magnetic properties: a linear density of 
states, which results in a T 2 dependence of carrier density up to 100 K; 
low carrier density (1015/cm2) and high mobility (3×105 cm2/(V·s)) 
resulting in a resistivity that is independent of temperature; and 
positive giant magnetoresistance. Th e transport properties of zero-gap 
α-(BEDT-TTF)2I3 are not the same as has been seen in graphene. As 
shown in Figure 6, there are two resistance states; a low-resistance state 
related to the Dirac cone carrier system [54], and a high-resistance 
state likely to be caused by eff ects on charge carriers from band tuning 
by the magnetic fi eld. However, due to the unique asymmetrical linear 
energy dispersion, some unique optical properties can be expected. 
Under thermal or light excitation, the excited electrons and holes both 
have positive k but diff erent energies and velocities. Th is means that the 
light excitation can cause electrons and holes to have diff erent masses 
and undergo transport at different speeds, leading to current flow. 
For the asymmetrical zero-gap band structure, the energy dispersion 
could also be quadratic, the same as for the quadratic symmetrical 
zero-gap structure. In this case, the carrier’s mass and mobility would 





















Figure 5. Quantum linear magnetoresistance in highly disordered Ag2±δSe. 
(Inset) Band structure of a narrow-gap semiconductor (left), which can be changed 
to a zero-gap structure with linear energy dispersion (right) due to disorder. Adapted 
from Ref. 46. 
© 2009 Tokyo Institute of Technology
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So far, a-(BEDT-TTF)2I3 is the only compound showing both a 
zero gap and an asymmetrical linear energy dispersion. It might be 
fruitful to search for more candidates among the many other two-
dimensional inorganic and organic semiconductors and conductors. 
Fascinating magnetic and exciting optical properties, in particular, 
are expected. 
Spin-gapless materials
Inspired by the unique superior properties of the zero-gap materials, 
the concept of a spin-gapless semiconductor has been proposed [55]. 
Such a material could have four possible band structure confi gurations 
with spin gapless features (see Figure 7) based on the zero gap state 
and either quadratic or linear energy–momentum dispersions [55]. 
In the fi rst case (Figure 7(a)), there is a gap between the conduction 
and valence bands in the respective spin-up and spin-down channels, 
but zero gap between the spin-up electrons in the valence band and 
the spin-down electrons in the conduction band. In the second case 
(Figure 7(b)), the spin-up channel is gapless, while the top of the 
spin-down valence band touches the Fermi level and is separated 
from the corresponding conduction band by a gap. In the third case 
(Figure 7(c), the spin-up channel is gapless, while the spin-down 
channel is semiconducting and the top of the spin-down valence band 
touches the Fermi level. In the fourth case (Figure 7(d)), one spin 
channel is gapless, and the other spin channel is semiconducting and 
neither band of the semiconducting channel touches the Fermi level.
The spin-gapless semiconductors have a number of important 
features: 1) No energy is required to excite electrons from the valence 
band to the conduction band, the same as in gapless semiconductors 
and graphene. 2) Th e excited charge carriers, both electrons and holes, 
can be 100% spin-polarized simultaneously. 3) Using the Hall Eff ect, 
fully spin polarized electrons and holes can be easily separated (spin-
Hall effect or field-induced spin-filtering effect). 4) The spin-up and 
spin-down electrons and holes, with both full spin polarization and 
tunable carrier concentrations, can be easily manipulated in their 
respective channels by shifting the Fermi level through gate voltage 
control. As a result of these features, the physical properties of the spin-
gapless semiconductors are very sensitive to external infl uences such as 
pressure, electric field, magnetic field, electromagnetic radiation and 
impurities. Devices based on spin-gapless semiconductors with full 
spin polarization could be used over a very wide temperature range 
depending on the size of the gap. Th e advantages of gapless electronic 
structures with full spin polarization could lead to novel physics, novel 
phenomena and new applications, such as new or improved spintronic, 
electronic, magnetic, optical, mechanical and chemical sensor device 
applications. In addition to these features, the photons emitted by 
combination of spin-polarized electrons and holes should be fully 
polarized, potentially allowing spin-gapless semiconductors to be used 
as self-polarizers.
One of the possible candidates for such a material is cobalt-doped 
PdPbO2 [56]. Th e un-doped compound shows a weakly temperature-
dependent resistivity, a feature that possibly indicates a narrow band 
gap [57]. Band structure calculations based on a unit cell consisting of 
one cobalt and three palladium atoms indicate that the cobalt-doped 
PdPbO2 has a zero-band-gap feature similar to that shown in Figure 
7(a). The spin-up band touches the spin-down conduction band at 
the Fermi level. Cobalt-doped PdPbO2 fi lms fabricated by pulsed laser 
deposition exhibit an anomalous resistance in relation to temperatures, 
current and magnetic fi eld [56]. 
The resistivity of the film depends strongly on the magnitude 
of the electrical current and shows many surprising features: 1) A 
metal–insulator (or semiconductor) transition is clearly seen, and is 
more pronounced than has been observed in undoped bulk PbPdO2 
samples [57]. 2) The metal–insulator transition temperature (TMI) 
decreases with increasing electrical current, and the variation becomes 
more prominent at higher currents. 3) The resistivity decreases with 
increasing current below TMI, but remains constant above TMI. 4) Th ere 
is a second transition immediately after the resistance becomes saturated 
(at approximately 1 mA). 5) For small currents, the values of the 
resistivity in the semiconducting/insulating state are almost four orders 
of magnitude higher than for the metallic state. 
Colossal electroresistance, giant magnetoresistance and colossal 
magnetoresistance are three phenomena present in strongly correlated 
electron systems that have been puzzling the solid-state physics 
community ever since they were discovered. Th e current-dependence of 
TMI is similar to what has been seen in manganites, that is, resistance is 
suppressed at high current [58,59]. 
As shown in Figure 7(a), a slight shift of the Fermi level could 
change the conductivity of the material signifi cantly, as has been seen 
in graphene. Th is could be the reason for the giant electroresistance 
that occurs in PbPd0.75Co0.25O2 fi lms and could also be an alternative 
interpretation for the electroresistance observed in colossal 
magnetoresistance materials, in which electroresistance occurs at 
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Figure 6. Temperature dependence of α-(BEDT-TTF)2I3 resistance under various 
magnetic fields. Modified after Ref. 53 (© 2006 JPSJ). (Inset) Three-dimensional 
asymmetrical linear zero-gap band structure. Modified after A. Kobayashi, S. 
Katayama, K. Noguchi, Y. Suzumura, J. Phys. Soc. Jpn 73, 3135 (2004) (© 2004 JPSJ).
Figure 7. Four possible band structures of spin-gapless semiconductors. See text 
for details.
© 2009 Tokyo Institute of Technology
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The spin-gapless semiconductors are expected to open up many 
prospects for practical applications. Generally, all applications 
for gapless semiconductors could also be suitable for spin-gapless 
semiconductors, including spin detectors and generators for 
electromagnetic radiation over a wide range of wavelengths based on 
spin photoconductivity. Spin photodiodes and spin image detectors 
with high mobility of fully spin-polarized carriers might also 
be feasible.
It should be possible to realize the spin-gapless features in a 
wide range of other gapless and narrow-band oxide and non-oxide 
semiconductors, ferromagnetic and antiferromagnetic semiconductors 
and oxides, and even conductive ferromagnetic oxides and non-oxides 
with appropriate elemental substitutions. Graphene with various 
geometries and chemical substitutions is also an obvious target. 
Manganese-doped ZnTe, in particular, has a density of states that 
clearly shows a spin-gapless feature. In this material, the top of the 
valence band of the spin-up electrons and the bottom of the conduction 
band of spin-down electrons are in contact exactly at the Fermi level 
(Figure 8). Spin-up and spin-down bands near the Fermi level can also 
be seen in the density of states for graphene with triangular holes [60]. 
Th e gap between the spin-up and spin-down electrons is very narrow 
and can be tuned to zero with appropriate chemical doping or external 
infl uences. Th e presence of a narrow gap between the spin-up and spin-
down electrons is actually useful for room-temperature applications. In 
both systems, spin-up and spin-down electrons and holes with tunable 
carrier concentrations can be generated easily either by excitation or 
shift of the Fermi levels.
Zero-gap materials with topological insulator–metal 
band structures
It is not naïve to imagine a material that is both insulating and 
conductive. Such a material can be artificially realized in the form 
of a thin layer at the interface of two insulators [61]. The interface 
between two insulating compounds, such as SrTiO3 and LaAlO3 [61], 
shows surprisingly high electrical conductance, superconductivity 
and magnetic eff ects, with a rich electric phase diagram [62–67]. Th e 
band structure of such a system should have both three-dimensional 
insulating and two-dimensional conducting features, as shown in 
Figure 9(a). The gap originates from the three-dimensional bulk 
insulator, while the band crossing the Fermi level derives from the 
metallic state at the interface/surface. Metallic states could also be 
found at the surface of certain conventional insulators. However, the 
surface states of a classical three-dimensional insulator are very fragile 
and can be easily destroyed by geometry and chemistry. Topological 
insulators are a new class of material or quantum state of matter in 
which a robust metallic state is realized at the surface/edge of an 
insulator that acts as an insulator in the bulk/surface and a conductor 
at the surface/edge [68]. Th e conductive state of the surface or edge 
has a zero gap (Figure 9(b)) with the same Dirac fermion linear energy 
dispersion as graphene [69,70]. Th e band crossing the edge or surface 
is protected by time-reversal [71], and therefore cannot be removed by 
impurities, yet the Dirac cone can be shifted by changes in the Fermi 
level. Th e subject of topological insulators has attracted great attention 
in condensed matter physics. Two-dimensional topological insulators 
such as HgTe/CdTe quantum wells exhibit a quantum spin Hall eff ect 
[69] in the vicinity of the Dirac point. In these systems, charge carriers 
with opposite spins move without dissipation in opposite directions 
on a given edge [69]. A three-dimensional topological insulator has 
a bulk insulating gap with gapless surface states inside the bulk gap 
[72–75]. 
Three-dimensional topological insulators with conducting surface 
states could exist in three-dimensional HgTe under strain [76], and 
also in Bi1-xSbx [77,78] and α-Sn [77]. Very recently, the stoichiometric 
systems Bi2Te3, Bi2Se3 and Sb2Te3, which are well-known thermoelectric 
materials, have been theoretically predicted to be three-dimensional 
topological insulators with surface states consisting of a single Dirac cone 
at the G point [79–81]. Both Bi2Te3 and Bi2Se3 have been experimentally 
determined to be three-dimensional topological insulators. The Fermi 
surface contains only one surface state, while the transport properties of 
Bi2Se3 are dominated by topological eff ects. Since the band gap is large, 
the material can be considered to be a room-temperature topological 
insulator without alloying disorder. Bi2Te3 and Bi2Se3 are distinctive 
and have advantages over both Bi0.9Sb0.1 and graphene. Th e large bulk 
gaps (0.16 eV) imply great potential for possible high-temperature 
spintronics applications in a three-dimensional system. Unconventional 
spin textures were observed in Bi1-xSbx three-dimensional topological 
insulator and are expected to be present in three-dimensional Bi2Te3, 
Bi2Se3 and Sb2Te3 topological insulators as well. The robust zero-gap 
states in three-dimensional topological insulators are expected to have 
novel applications in spintronics, as they provide a route to spin–charge 
separation in higher dimensions and may allow other novel magnetic 
and electronic properties to be realized [82]. 
A quantum spin Hall effect could be expected in the new 
transition-metal oxide Na2IrO3 [83], which with a honeycomb lattice 
structure has been theoretically predicted to be a room-temperature 
quantum spin Hall insulator. At lower temperatures, the compound is 
antiferromagnetic at its edges and enters an antiferromagnetic phase 
in the bulk. Although the topological quantum states of matter are 
very rare, their unique topological band structure now offers a new 
opportunity to design a new class of materials and to test some of the 





































Figure 8. Density of states of (a) manganese-doped ZnTe and (b) graphene 
with triangular holes. Adapted from (a) L. M. Sandratskii, P. Bruno, J. Phys.: 
Condens. Matter 15, L585 (2003) (© 2003 IOP) and (b) Ref. 60 (reproduced with 
permission, © 2008 Springer-Verlag Gmbh).
Figure 9. The electronic band structures of topological insulators, a new class of 
quantum matter with (a) a robust metallic state at the surface/edge and insulating 
properties in the bulk/surface, and (b) a conductive state at the surface or edge with 
zero gap and the same linear energy dispersion as graphene.
© 2009 Tokyo Institute of Technology
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Full spin polarization could easily be realized in a spin-gapless 
material with the band structure shown in Figures  7(a) and (d). 
Under external excitation, the excited spin-down electrons and spin-up 
holes are fully polarized. Using the Hall eff ect, one can easily separate 
fully spin-polarized electrons and holes. The polarized holes and 
electrons can move to the two surfaces or edges of a two- or three-
dimensional sample. Th is spin Hall eff ect diff ers from that discovered 
in topological HgTe quantum wells, in which the spin at the edges of 
wells can be aligned without a magnetic fi eld [69]. 
Conclusions
Materials having a zero or very narrow band gap are a special class of 
materials that exhibit fascinating and superior electronic, magnetic 
and optical properties compared to materials with an energy gap. Th e 
discovery of zero-gap graphene has generated great interest in the 
search for new classes of zero-gap materials, and some classical zero-gap 
materials have been revisited. Zero-gap materials have several diff erent 
types of energy–momentum dispersions around the energy minimum: 
symmetrical quadratic and two-dimensional linear dispersions, disorder-
induced linear dispersions, asymmetrical linear dispersions, and linear 
dispersions in topological insulators. Th e zero-gap state with quadratic 
dispersions can be obtained in any narrow-band III-V or II-VI 
semiconductor by either chemical doping or application of external 
pressure. Oxide-based zero-gap materials are particularly desirable. 
It is the two-dimensional zero-gap band structure with linear energy 
dispersion that gives graphene so many fascinating physical properties 
and its many potential applications at room temperature, and the search 
for other materials having similar band structures remains a challenge. 
The two-dimensional organic conductor α-(BEDT-TTF)2I3 is one 
example of such a material. Of particular interest, α-(BEDT-TTF)2I3 
exhibits an asymmetrical linear energy dispersion, unique for a two-
dimensional organic compound. A zero-gap structure with linear 
energy dispersion can be realized in highly disordered three-dimensional 
samples displaying quantum linear magnetoresistance. The search 
for other candidates with three-dimensional band structures having 
a zero gap and linear energy dispersion will be exciting, and a range 
of rich physics can be anticipated. In particular, the spin-gapless 
semiconductors, a new class of zero-gap materials, are expected to show 
fascinating electronic properties: full spin polarization with tunable 
charge-carrier concentrations and the generation of polarized photons. It 
is possible to realize the spin-gapless feature in a wide range of zero-gap 
and narrow-band materials. Topological insulators, a special class of zero-
gap materials, have unique spin-related quantum eff ects and the search 
for more topological insulators and more quantum eff ects has become 
a main focus of research in both materials and condensed physics. 
Th e zero-gap materials and their unique band structures are therefore 
expected to form the basis for future spintronics, electronics and optics. 
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